Eucalyptus, like other members of the family Myrtaceae, form symbiotic associations with various ectomycorrhizal fungi. The purpose of this study was to assess the ectomycorrhizal taxa associated with Eucalyptus plantations in the municipalities of Gloria do Goita and Moreno, Pernambuco, Brazil. Root-tip samples were collected from Eucalyptus grandis trees to identify the ectomycorrhizal and other root-associated fungi present. Twelve taxa of fungi were determined from the root-tips collected in these two plantations. Four taxa were identified to species, and five were identified as putative ectomycorrhizae. Scleroderma albidum was the only species found both fruiting and in the root-tip study. Overall, species of Tomentella were the dominant taxa present in the two study areas.
Introduction
Ectomycorrhizal fungi, first described by Frank (1885) , have the ability to colonize and provide benefits to species of vascular plants. For example, ectomycorrhizal associations increase the area of root absorption, allowing the vascular plant to obtain more water and nutrients such as phosphorus (P), nitrogen (N) and potassium (K) from the soil (Glowa et al. 2003 , Sawyer et al. 2003 , Zhao et al. 2015 . The fungi that form these associations also increase host-plant resistance to water stress, higher temperatures, soil acidity, and their presence results in improved tolerance to toxic soil substances and root pathogens (Marx & Cordell 1989 , Smith & Read 1997 , Hall 2002 . Ectomycorrhizal fungi also are important to the establishment and growth of plants, particularly in nutrient-poor or degraded soils (Marx & Ruehle 1988 , Marx & Cordell 1989 , Ortiz et al. 2015 , examples of which occur in white-sand forests, in Brazil and French Guiana, composed of clay soils known to have low water-retaining capacity, and low levels organic matter (Roy et al. 2016) .
The first attempts to establish ectomycorrhizal trees outside of their native habitats showed that these plants struggled in the absence of their symbiotic fungi (Vozzo & Hacskaylo 1971 , Mikola 1973 . Turjaman et al. (2011) , Alberton et al. (2014) discussed the difficulty in establishing non-native trees outside of their native ranges and the importance of inoculation of compatible fungi to the planting substrate to ensure the adaptation of the introduced species. Further investigation highlighted the importance of ectomycorrhizal fungi-tree interactions during early The climate is hot and humid, being classified as type As' (pseudotropical), according to the Köppen classification system. Autumn-winter rains characterize the rainforest zone, with an annual rainfall of approximately 2500 L/m 2 , which is relatively well distributed throughout the year. The driest period extends from October to December (Alvares et al. 2013) . The average annual temperature is 23ºC, with a maximum average high of 29ºC and a minimum average low of 19ºC (Le Sann 1983 , CPRH 2013 .
Root-tip collection and DNA extraction
In June 2015 (rainy season), root-tips were collected from the rhizosphere at depths of 5 to 20 cm of five individuals of E. grandis, located 10 m from the border of the plot and 10 m apart from each other in each of the two study areas. The root-tips selected occurred within a distance of 90 cm from the trunk of the tree and collecting was carried out in all directions.
Before microscopic examination and subsequent DNA extraction, the root-tip samples were carefully washed with deionized water to remove soil residues. The cleaned roots were transferred to a polystyrene Petri dish. Digital images of ECM morphologies were obtained with a Leica DFC495 binocular microscope, using black background illumination at various magnifications (Fig. 2) . Individual ECM root-tips were then transferred to clean sterile 1.5 ml microfuge tubes. Samples were homogenized using a Geno/Grinder 2010 with 3 mm glass beads (10 min, 1620 rpm). DNA extraction of homogenized tissue was carried out using the NucleoSpin Plant II kit (Macherey-Nagel, Bethlehem, Pennsylvania). Protocol steps were modified from the a b 458 manufacturer's original protocol to achieve optimal DNA extraction. It is also important to mention that even though the collecting efforts were directed primarily to root-tips, epigeous sporocarps of Scleroderma albidum Pat. & Trab were observed and collected in the field, and sequences obtained from these were compared to sequences obtained from roottips. Macroscopic and microscopic characters (e.g., yellowish color of the sporocarp, spores 11-16 µ in diameterwith blunt spines) corroborated by DNA-based identification methods were used to identify the fruiting bodies of S. albidum (Kirk 2015) . When compared, the sequences of S. albidum obtained from root-tips and sporocarp tissue were identical.
PCR, sequencing, and analysis
The DNA extracted from each root-tip was amplified by the polymerase chain reaction (PCR), using the fungal-specific primers ITS1F and ITS4 (Bruns et al. 1998) . PCR amplifications were carried out in a Bio-Rad T100 TM thermal cycler. The PCR program consisted of an initial denaturation at 95 °C for 5 min, followed by 37 cycles of denaturation at 95 °C for 20 s, annealing at 56 °C for 30 s, amplification at 72 °C for 1.30 min, and a final extension at 72 °C for 7 min. PCR products were verified via electrophoresis in a 1.5% agarose gel in 0.5× TAE buffer, stained by SYBR safe. MassRuler Express Forward DNA ladder Mix (Thermo Scientific) was used as a size standard. DNA was sent for single-pass Sanger sequencing to Beckman-Coulter Genomics (Danvers, Massachusetts).
Sequences were edited using the software SeqMan-program version 7.1.0 (44.1) and manually corrected before alignment to obtain a consensus sequence from forward and reverse reads. For a DNA-based identification, all sequences were in-silico compared with the results of a nucleotide search using the Basic Local Alignment Search Tool (BLAST) available at the National Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov).
Sequences were clustered using a 97% identity threshold in the algorithm Cluster Database at High Identity with Tolerance (CD-HIT) for nucleotide sequences (CD-HIT-EST) using the CD-HIT online suite (http://weizhongli-lab.org/cdhit_suite/cgi-bin/index.cgi) (Huang et al. 2010) . The resulting identified fungal taxa were assigned putative ecological function based on taxonomy using the dataset of Tedersoo et al. (2014) as a reference and community composition was assessed.
Results
From the total of 100 tips collected from both study areas, 68 were selected for DNA extraction based on hyphal colonization observed on root surfaces. Of the 68, 40 produced ITS DNA fragments that could be sequenced and identified, mostly to the taxonomic level of genus (Table 1 ). The fungus identified as present on more than half (25) of the colonized root-tips was a member of the ectomycorrhizal genus Tomentella (Thelephoraceae), with ITS sequences most closely resembling those deposited in GenBank from collections made in New Caledonia. Only four of the fungi associated with the root-tips could be identified to the level of species. These were Aureobasidium pullulans (de Bary & Lowenthal) G. Arnaud (Aureobasidiaceae), Subulicystidium longisporum (Pat.) Parmasto (Hydnodontaceae), Gymnopus gibbosus (Corner) A.W. Wilson, Desjardin & E. Horak (Omphalotaceae), and S. albidum. (Sclerodermataceae). Two sporocarps of S. albidum were collected in the field beneath Eucalyptus in the same study areas from which roottips were obtained (Fig. 3a, b ).
Fig. 3 -Epigeous sporocarps of Scleroderma albidum (a-b).
The ITS sequences were clustered to determine conspecific sequence identity and also to assess the diversity of fungi on the roots of Eucalyptus in the Brazilian plantations being surveyed (Table 2) . A total of 12 fungal taxa were identified, based on clustering at a 97% identity for homologous sequences out of the original 40 sequences. Among the most common taxa resolved for the entire set of data were two different species of Tomentella, with one of these more than four times more common than the other.
Discussion
In the present study, the assemblage of fungi associated with root-tips of Eucalyptus was assessed to examine the relative proportions of (1) the different ecological functional groups and (2) the different fungal taxa present (Fig. 4) . Out of the 40 sampled root-tips, 72% were colonized by ectomycorrhizal fungi representing five taxa. The largest proportion of the ectomycorrhizal fungi present (76%) was represented by members of the genus Tomentella, which is known for its cosmopolitan distribution (Rachid et al. 2015) . The smallest proportion of the root-associated community was made up by saprotrophic fungi (3%), with Subulicystidium longisporum (at 84% sequence similarity, possibly an undescribed species) and Gymnopus gibbosus the two species present. a b 10 mm 10 mm The diversity of ectomycorrhizal fungi present on the roots of E. grandis was relatively low (only five taxa) when compared to previous studies. According to Chilvers (2000) , more than 140 identified species of ectomycorrhizal fungi are known to be associated with Eucalyptus trees around the world. Among these, 104 have been reported from Australia, where native Eucalyptus forests occur or plantations have been established, and 37 have been recorded outside Australia. In Brazil, Giachini et al. (2000) reported a higher diversity of ectomycorrhizal fungi, including some sequestrate species, in plantations of Eucalyptus and Pinus than previously reported. Later, Giachini et al. (2004) listed 23 ectomycorrhizal fungi associated with E. dunnii Maiden plantations in southern Brazil. More recently, studies focused on specific groups have expanded this list (Gurgel et al. 2008 , Pagano & Scotti 2008 , Abreu et al. 2013 , Paz et al. 2015 .
Factors that may have contributed to the differences in ectomycorrhizal diversity reported in the various studies include climatic and topological characteristics, soil properties, plantation age, tree species and land history (Chen et al. 2007 ). Giachini et al. (2004) observed that occurrence and diversity of ectomycorrhizal species were influenced by season, mentioning a decline in fungal 462 populations during the rainy season and an increase during dry periods throughout the year. The fact that high temperatures and occasional precipitation during summer appear to cause an increase of ectomycorrhizal colonization rates, as reported by Grazziotti et al. (1998) , Abreu et al. (2013) , could have influenced the number of species found in the present study. Walker et al. (2008) , Corcobado et al. (2015) , who examined the seasonal dynamics of ectomycorrhizal fungi, reported that changes in the composition of the assemblage of species present occur throughout the year. Consequently, our data represent a "window" into just one period during the year. Sampling at a different period of time might well have yielded other taxa. Furthermore, soil constitution, compaction, and aeration may influence mycorrhizal communities. Mycelial growth and mycorrhizal formation are inhibited in clayey soils due to its low aeration and oxygen concentration. Thus, the clayey nature of the soil in this region would be a further disadvantage to ectomycorrhizal associations. An additional consideration would be sampling strategy and molecular methodologies used to assess root-associated fungal communities. A larger number of samples from a higher number of individual trees might have resulted in an increase in the number of taxa recorded. It also should be noted that some of the root-associated fungi recovered in the present study are putative pathogens, saprotrophs, and endophytes. Examination of the extent to which these root-associated fungi are functionally active in those roles would be another area of future research.
However, the proportion of root-associated fungi that were ectomycorrhizal was relatively high even though species diversity was relatively low. Ducousso et al. (2012) observed similar results in their study of ectomycorrhizal fungi associated with Eucalyptus roots in Africa. This observation can be corroborated by the premise that many ectomycorrhizal associations are species-463 specific (Prescott & Grayston 2013) , and most native ectomycorrhizal fungi are unable to form associations with exotic trees that are not closely related to local host trees (Buyck 1994 , Härkönen et al. 1995 . The spread of Amanita muscaria from introduced species of oak to Nothofagus in New Zealand represents a noteworthy exception (Bagley & Orlovich 2004) . As such, the present study supports previous research that Eucalyptus root-associated fungi are limited to a few fungal species that are cosmopolitan or introduced with other exotic taxa (Ducousso et al. 2012) .
A comparable study, using sporocarps collected in the field to assess fungal diversity on Eucalyptus in tree plantations in Ethiopia reported a range of 5-10 different species of fungi (Dejene et al. 2017 ). An anatomotyping integrated with sequencing survey in Seychelles revealed seven species of ECM fungi on root-tips of introduced Eucalyptus robusta Sm. (Tedersoo et al. 2007) . Evaluating two Eucalyptus species in semiarid Brazil, Pagano & Scotti (2008) observed lower ectomycorrhizal diversity on Eucalyptus plantations when compared to native leguminous species in the same experimental area. Another study, which used DNA-based identification of root-associated fungi on Eucalyptus in tree plantations in Kenya, found the diversity of ectomycorrhizal fungi to be relatively low, with only eight taxa identified (Kluthe et al. 2016) . The low diversity reported herein for Eucalyptus in Brazil thus makes sense, since the trees and a low diversity of affiliated fungi were imported from Australia. Some early introductions of Eucalypus certainly involved seedlings growing in pots with soil, which increases the chances of native ectomycorrhizal fungi also being introduced. More stringent quarantine measures which require Eucalyptus to be introduced as seeds would not allow this to take place.
The majority of ectomycorrhizal fungi found on the roots of Brazilian Eucalyptus in the present study were a species of Tomentella that matched with 97% or greater sequence identity a specimen deposited in Genbank from New Caledonia, an island not far from mainland Australiathe native habitat of species of Eucalyptus and on which a few members of this genus also occur. This at least suggests that root-associated fungi, specifically ectomycorrhizal fungi, present on plantation-grown Eucalyptus in Brazil could have been transported from native habitats along with their host trees. Scleroderma albidum, previously described to form ectomycorrhizal associations with Eucalyptus trees (Guzmán 1970 , Malajczuk et al. 1982 , Gurgel et al. 2008 , Sulzbacher et al. 2013 ) was found on the sampled roots. Scleroderma albidum also has been found to commonly occur on exotic forest plantations of pine in Brazil (Nouhra et al. 2012) , and may have been transplanted from non-native habitats.
The possibility that the composition of the assemblages of ectomycorrhizal fungi associated with native trees in Brazil is changing as a result of the introduction of non-native root-associated fungi is a cause for concern. Examining changes in macrofungal communities in tree plantations established in southern Brazil, Paz et al. (2015) mentioned that native forests might be vulnerable to invasion by exotic ectomycorrhizal species together with the introduction of their exotic hosts (e.g., Pinus spp. and Eucalyptus spp). They noticed that most of the ectomycorrhizal species associated with native forests are not found in exotic tree plantations, indicating that conservation of native species and functional group diversification depends on the preservation of native forests. It highlights the importance of safeguarding native species in their natural habitats. It is difficult to assess the status of invasive ectomycorrhizal fungi, but there are indications that it is happening in Brazil (e.g., the occurrence of Russula emetica associated with Araucaria angustifolia forests in Brazil (Paz et al. 2015) ) and other parts of the world. The introduction of Amanita phalloides across North America (Pringle & Vellinga 2006) and the introduction of A. muscaria to the southern beech forests of New Zealand (Nuñez & Dickie 2014) already noted provide other examples of this same phenomenon.
Additional studies of root-associated fungi for non-native trees in Brazilian plantations is essential to develop a more complete understanding of the belowground ecology and potential for displacement of native fungi. Future research should include efforts to sample neighboring native forest tree roots and soils to assess the diversity of native root-associated fungal assemblages and also to determine whether or not plantation-based root-associated fungi are expanding into neighboring habitats. This research sets the stage for future more comprehensive studies.
